Greenhouse gas emissions from agriculture, land use, land use change and forestry (ALULUCF) are a significant percentage of UK industrial emissions. The UK Government is committed to ambitious targets for reducing emissions and all significant industrial sources are coming under increasing scrutiny. The task of allocating shares of future reductions falls to the newly appointed Committee on Climate Change (CCC), which needs to consider efficient mitigation potential across a range of sectors.
Introduction
Greenhouse gas emissions from agriculture, land use, land use change and forestry (ALULUCF) represent approximately 8% of UK industrial emissions, mainly as nitrous oxide and methane. Under the Climate Change Act 2008, the UK Government is committed to ambitious targets for reducing national emissions by 80% of 1990 levels by 2050, and all significant industrial sources are coming under increasing scrutiny. The task of allocating shares of future reductions falls to the newly appointed Committee on Climate Change (CCC), which needs to consider efficient mitigation potential across a range of sectors.
The CCC recognises the need to achieve emissions reductions in an economically efficient manner where the cheapest units of greenhouse gas should be abated first. As with other sectors, ALULUCF emissions abatement or mitigation needs to be achieved at least cost. More technically, there exists a notional schedule of costs of implementing mitigation measures, which shows that some measures can be enacted at a lower cost than other measures. Indeed some measures are thought to be cost saving, i.e. farmers could implement some measures more efficiently such that they would simultaneously save money and reduce emissions. Thereafter costs rise until some calculation of the costs relative to the benefits of abatement show that further mitigation is less worthwhile. This is the essence of the Marginal abatement cost curve (MACC) approach, which enables a comparison of cost with the benefit of avoided carbon emission damages -the so-called shadow price of carbon (SPC). Alternatively unit abatement costs can be compared with the emissions price prevailing in the European Trading Scheme (ETS). Notionally as shown in Figure 1 an efficient budget can be derived from implementation of measures with reference to mitigation costs in other sectors and that cost less than the notional benchmark of the SPC or the ETS price.
This paper describes the derivation of MACC's to depict abatement potential for ALULUCF for the UK. In the next section the paper scopes the aims of the MACC approach that has been adopted by the CCC as a basis for determining notional mitigation budgets across the main non traded sectors in the UK including ALULUCF. We then outline the methodological approach to deriving the relevant data on abatement potential and costs to populate the CCC MACC framework. Subsequent sectors outline the specific mitigation measures available in the sub sectors of crops and soils, livestock, land use and land use change and forestry. The application of these gives rise to a range of outstanding issues that complicate the application of MACC analysis in ALULUCF relative to other sectors where technologies are relatively well understood. The penultimate sections present resulting abatement potential and costs before a discussion.
The committee on climate change and MACC analysis
The Committee on Climate Change was established as an independent body to provide expert analysis and advice on how the UK can meet its climate change goals (i.e. 80% reduction in CO 2 e by 2050). The CCC is responsible for advising on the UK's carbon budgets for the periods to 2012, 2017 and 2022 as part of the journey to reach the 2050 target, and for reporting on progress in reducing emissions to meet these budgets. The CCC is the first body of its kind in the world and is being set up under the Climate Change Act.
To inform its sectoral budgeting process the CCC has adopted Marginal Abatement Cost curves. There exist two main types of MAC curve; this exercise used a bottom up engineering based MACCs, which are detailed technology rich models modelling abatement potential and costs for individual technologies and measures. The alternative approach that dominates the abatement cost literature can use a top-down macroeconomic general equilibrium models that typically take emission reductions as exogenous and provide an overall cost to the economy.
The bottom up MACC provides a static 'snap shot' illustration of the annual potential to reduce emissions and average costs of doing so for a wide variety of technologies and abatement measures for a given year relative to an assumed baseline. Ranking abatement measures in order of decreasing cost effectiveness -such that measures to the left of the curve and below the x-axis indicate negative costs (i.e. benefits, either private or social), and costs the right and above the xaxis illustrate costs -permits technologies and measures to be compared at the margin (i.e. the steps of the curve) and provides an invaluable tool for cost-effectiveness analysis. These volumes are taken as annual emission savings for a given year, additional from initial fixed baseline (which the CCC has chosen to be consistent with BERR Updated Emissions Projections 29 -baseline used for EWP analysis). As such the emission savings should be constructed from the difference between CO 2 e emitted in the baseline or business as usual scenario and emissions in the abatement scenario where a particular technology or abatement measure is employed across a likely adoption profile within a reasonable policy environment
Agricultural mitigation
Total GHG emissions in the UK in 2005 (654 Mt CO 2 e); ALULUCF contributes approximately 8% or 50 Mt CO 2 e mainly as N 2 O (54%) and CH 4 (37%). The CCC has already signaled a desire for ALULUCF to work towards the notional 80% target, which has been met with skepticism by the industry, which feels that this is too radical given current technology and practice. This is largely because of the absence of any systematic route map showing what is possible.
But this reaction is based on an incomplete picture of the extent of potential emissions reductions from agriculture. While the methods are understood, there has never been a concrete piece of work showing the extent to which measures can be implemented and how measures (across all ALULUCF) can be lined up in terms of the volume of greenhouse gas they reduce and, crucially, the implicit cost per tonne of CO 2 e from implementing each measure in the field. Until we have this work, it is impossible for the sector to know the extent to which it can meet the 80% target efficiently -i.e. at a cost per tonne that is comparable to the cost in other industries, or relative to the benchmark of either buying an emissions permit in the European Trading Scheme (about 40 euro/tonne CO 2 e) or the UK government's notional benchmark figure of around £100/tonne of CO 2 e. This is the approach taken by the CCC to determine a sector budget.
MACC analysis offers a representation of cost and abatement potential that is built up from a bottom-up analysis of data on mitigation options within respective sectors. These mitigations are projected to be adopted over and above a baseline of what would normally happen, thereby giving rise to extra abatement potential.
There Table 1 ). Some mitigation options, typically current best management practices, deliver improved farm profitability as well as lower emissions and thus might be adopted without government intervention beyond continued promotion/revision of benchmarking and related advisory information services. Estimated emissions have already fallen by around 6% since 1990 -largely due to falling livestock numbers -and further spontaneous cuts are anticipated to deliver similar savings over the next decade or so.
However, the majority of mitigation options entail additional cost to farmers. This raises questions regarding: Which measures can be implemented on farm? Where, when, and at what cost? What effect will different measures have on emissions? The derivation of efficient mitigation options requires some understanding of the relative cost of measures in terms of cost per tonne of CO 2 e. This information defines the marginal abatement cost curves which show higher emission savings becoming increasingly expensive to achieve in terms of extra effort or income foregone. Consequently, cost-effective mitigation is likely to be significantly less than the technically feasible potential: the absolute size of emissions from a particular activity is less important than the cost of reducing its size since it is avoidable rather than total emissions that are of interest.
International literature on Marginal abatement costs
The international literature shows various attempts to estimate the cost-effectiveness of different mitigation options, both individually and to trace-out MACC's. Some, such as ECCP (2001) and Weiske (2005 Weiske ( , 2006 , offer qualitative judgements. Others, such as McCarl and Schneider (2001) , US-EPA (2005 , Weiske & Michael (2007) , Smith et al. (2007a,b,c) and AEA (2008) offer quantitative estimates. NERA (2007) offers an interesting study for the UK as part of an assessment of extending greenhouse gas trading into the agricultural sector. However, an initial MACC exercise considered only a limited number of measures. We are unaware of a similarly comprehensive assessment of the range of technologies to that presented in this paper. The methodology for deriving abatement potentials and the derivation of associated cost curves was developed in light of guidance provided by the Office of Climate Change/CCC to be consistent with MACC analysis in other sectors of the economy. The methodology allows for abatement potentials to be represented using a range of alternative cost metrics (e.g. private costs and social costs).
Methodological steps for developing MACC's
In this section we briefly outline key parameters needed for the analysis. We then outline the range of measures considered under the principal headings of ALULUCF. Within agriculture, these measures are broken down into crops and soils and livestock measures. Note that we deal principally with non CO 2 emissions (except for forestry). While CO 2 emissions from ALULUCF could amount to around 8% of the sector -these are predominantly from energy and transport use and also are covered in a separate MACC exercise for those areas.
In broad terms the main steps of the MACC exercise are as follows:
a. Identify Business As Usual (BAU) abatement or baseline emissions projection for the specified budgetary dates 2012, 2017, 2022 b. Identify potential additional abatement for each period, above and beyond the abatement forecast in the BAU scenario, by comparing the BAU abatement with the constructed abatement measures inventory, which includes measure adoption scenarios corresponding to maximum technical potential and central, high and low feasible potentials c. Quantify (i) the maximum technical potential abatement and (ii) Cost-effectiveness (CE) in terms of £/tCO 2 e of each measure that can contribute additional abatement (based on measures inventory, existing data, expert groups review and NAEI) for each period, by the following process: i. quantify the costs and benefits, and the timing of costs and benefits ii.
calculate the net present value (NPV) using either a private or a social discount rate iii.
express costs in £2006 iv.
list cost breakdowns used to calculate the CE; note which BAU working assumptions were used, and list any new assumptions made v.
identify the potential global emissions impact of the measure, i.e. the extent to which mitigation might displace production (and associated emissions) from the UK rather than reducing the global emissions. d. Draw initial MACCs varying the discount rate (to derive social, private and hybrid metrics) e. Adjust CE to take into account (a) reduced/increased CE resulting from interaction of measures 1 and (b) granularity in the MACCs to reflect different average costs as penetration becomes more demanding f. Redraw MACC g. Identify feasible uptake h. Quantify feasible potentials in terms of central, low and high estimates, based on a review of the levels of compliance/uptake associated with existing policies i. Disaggregate into feasible potentials by devolved administration (DA) and gas j. Report in output summary sheet format k. Carry out stand alone MACC check This process is outlined in Figure 2 below, which shows an example for crop and soil measures. The information was compiled in spreadsheets that allow transparency and flexibility in altering assumptions in several key data inputs.
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Measure screening for ALULUCF in the UK.
The separate sub sectors comprising ALULUCF have a corresponding body of research evaluating mitigation potentials. From this literature and existing mitigation research conducted in the UK, a range of sub-sector specific abatement measures were identified with some applicability to UK agricultural and land use conditions. Expert opinion was then used to further refine abatement potentials; specifically the extent to which measures would be additional to a business as usual baseline and the extent to which a measure could work as stand alone technology or whether its wider use would interact with other measures when applied in the field. Information on implementation costs was also collected and subsequently augmented by modelling decisionmaking at the farm scale. A full description of the measures considered can be found in Moran et al. (2008) 
Crops and soils
Agricultural soils account for around half of the GHG emissions from agriculture. Croplands (i.e. those areas producing arable crops) and grasslands, are responsible for the exchange of significant quantities of greenhouse gases in the form of CO 2 and N 2 O. Carbon dioxide can be removed from the atmosphere by processes of photosynthesis, which lead to carbon sequestration in soils (Rees et al. 2004) . Carbon dioxide can also be lost from soils as a consequence of land use change and soil disturbance.
Developing multiple MACCs for the crops and soils sub-sector was challenging for a range of reasons, not least of which were: (a) the large number of potential mitigation measures, (b) the lack of secondary data, particularly on the costs of measures, and (c) the fact that the effectiveness of a measure depends on how it interacts with other measures. These were dealt with by reducing the range of measures to a more manageable number through a scoping exercise, using expert groups to provide data in the absence of existing data, and undertaking simple modelling of the interactions between the measures.
An initial list of measures was drawn up based on a literature review and input from the project team. This was reviewed by the steering group and policy officials within Defra, who added further measures. The resulting long list had a total of 97 measures. The long list was discussed at an expert meeting, and measures were removed that were considered (a) likely to have very low additional abatement potential in UK (e.g. already current practice, only applicable to very small % of land) or (b) unlikely to be technically feasible or acceptable to the industry. In addition some measures were aggregated, giving an interim list of 35 measures. The abatement potential of these measures was calculated so that measures with small abatement potential could be identified. The interim list was reduced to a short list of 15 (see Table 2 ). Several measures with small (<2%) abatement potentials were included in the short list, in particular some measures between 1 and 2% likely to have negative costs were included. Short descriptions of the measures are given in Table 3 .
Calculating the abatement potential and costs-effectiveness of the measures
The methodology used to calculate the abatement potential (AP) and cost-effectiveness of the measures is summarised in Figure 2 .
Costs
Secondary data about costs were used where appropriate (e.g. Defra 2002), however, there was a lack of up to date cost data for most measures. In order to tackle this, each measure was discussed with experts, who identified the on-farm implications and likely costs and benefits. The costs and benefits were translated into terms that could be inputted into the farm scale model to calculate each measures' impact on the gross margins. The model and the assumptions underpinning it are described in detail in section 3 of Moran et al. (2008) .
Abatement rate and potential
In order to calculate the total UK abatement potential for each measure over a given time period, the following information is required:
• the measure's abatement rate (tCO 2e /ha/y)
• the additional area (over and above the present area) that the measure could be applied to in the given period.
The additional areas for the maximum technical potential were derived from expert judgement. The three feasible potentials (high, central and low) were calculated based on a review of uptake/compliance with existing policies. It was assumed that measures are adopted at a linear rate over time.
Existing evidence on the abatement rates (see in particular Smith et al. 2007 ) was combined with expert judgement to derive estimates of the abatement rates of each of the measures on the interim list. (see Table 3 ). Where measures lead to abatement of CO 2 emissions over a period of years (for example as a consequence of a new rotational management), emissions reductions are expressed on an average annual basis.
Cost-effectiveness (CE) and the effect of interactions between measures
An abatement measure can be applied on its own, i.e. stand alone, or in combination with other measures. The stand alone CE of a measure can be calculated by simply dividing the weighted mean cost (£/ha/y) by the abatement rate (tCO 2e /ha/y). However, when measures are applied in combination, they interact and their abatement rates and cost effectiveness change in response to the measures that they combine with. For example, if a farm implements measure A (biological fixation), then less N fertiliser will be required, lessening the extent to which N fertiliser can be reduced (measure B). The extent to which the efficacy of a measure is reduced (or in some cases, increased) can be expressed using an interaction factor (IF). Each time a measure is implemented, the abatement rates of all of the remaining measures are recalculated by multiplying them by the appropriate IF. In order to perform this repeated calculation, a routine was written in PERL. Note that the measures are treated differently above and below the x-axis: below (i.e. when costs are negative) they are ordered according to the total savings accruing from the measure, while above the x-axis they are ordered according to their height, i.e. the unit cost-effectiveness of each measure.
Livestock
Livestock are an important source of methane (CH 4 ) and nitrous oxide (N 2 O). Methane is mainly produced from ruminant animals by the enteric fermentation of roughages. A secondary source is from the anaerobic breakdown of slurries and manures. Both ruminant and monogastric species produce N 2 O from manure due to the excretion of nitrogen in faeces and urine. The main abatement options from the livestock sector, independent of grazing/pasture management, are through the efficiencies with which ruminant animals utilise their diet and manure management.
The following describes the mode of action of the main options.
A review of the literature highlighted a vast array of abatement options from the livestock industry (see Annex A5 of Moran et al., 2008) , which fell into two broad categories, those options that focus on animal management options and those that focus on manure management. These options were reviewed and ranked on their likely uptake and feasibility over the 3 time points. Certain options were considered similar in mode of action and likely outcome, and were therefore reduced to a single option. Animal management options for sheep/goats were not studied further as traditional sheep management systems would mean that an abatement option would be difficult to apply across the UK flock. Options that included a simple reduction in animal numbers and/or product output, above and beyond those assumed by the BAU3 scenario, were also eliminated as there is a need to avoid displacing domestic demand overseas. Livestock land management options (e.g., spreading of manures to crop/grassland) are dealt with in the crop/land management section of this report. The final table of abatement options examined for livestock are shown in Table 4 and detailed below.
Forestry
Forest biomass trees and soil sequester carbon, and biomass may be used to displace emissions in other sectors. We have undertaken an indicative analysis of the associated potential and the estimates presented here come with a number of important caveats.
The definition of appropriate measures in forestry presented specific problems in relation to the adoption of a life cycle approach that was not addressed in other sub sectors. Specifically the forestry abatement potential inherent in sequestration is largely inflated depending on the substitution assumptions that can be made in relation to the subsequent use of wood products, specifically into construction and in energy end uses. Use of timber in these products has the potential to displace emissions from more carbon intensive fuels and materials.
Data on direct abatement in the forestry sector may be considered fairly reliable. Current estimates of substitution potential are contested and therefore were not eventually reported for the national carbon budget. We nevertheless demonstrate their significance here.
Baseline
As with the agricultural analysis, abatement potential needs to be determined relative to a business as usual baseline, which in this case was provided by CEH projections for LULUCF activities .
Afforestation measure
The analysis concentrates on conifer forests (Sitka Spruce) as an established species in the UK, where management practices are also well established. Afforestation involves planting new forests on land previously used for other purposes (or not used at all). We assumed that all trees planted will be harvested (and then replanted) after 49 years. We assumed that an increased planting regime begins in 2009 and continues through the carbon budget periods. Afforestation is a source of CO 2 emissions for several years after planting. This is reflected in the projections. However, the first years after planting, which is presented in the MAC curves, do not reflect accurately what the carbon balance of afforestation is over the lifetime of the measure, where later forest growth offsets emissions due to planting. A longer time horizon offers even greater potential to offset initial emissions.
For afforestation, CEH use three scenarios for forestry (see Table 5 ). Projections deal with the period 2006-2020. A high emissions scenario does not consider any new planting. A second scenario projects the 2005 planting rate to occur every year between 2006 and 2020 (8,500 ha/year). This is the mid emissions scenario and this is considered as the baseline for afforestation. The third scenario anticipates a high planting rate (30,000 ha/year). It is described as the low emissions scenario and is taken as our abatement option for afforestation. This level of planting is below what could be deemed as a full technical potential, which in turn is dependent on the availability of alternative land classes. But the achievable annual rate of afforestation is likely to be limited by a range of factors including environmental constraints, licensing regulations and requirements and the practicable ability to carry out the necessary administrative functions, including Environmental Impact Assessments. A figure with which to constrain the potential extent of afforestation is more difficult to arrive at. In England, the extent of poor agricultural land (Grade 4 land class) currently without woodland cover and on mineral or organo-mineral soils is 1.6 million hectares. This clearly provides little constraint on the abatement potential, although could be reduced further through more detailed constraint analysis.
The maximum area of forest planted in the UK in any one year was 42,600 ha in 1971, covering the period 1920 to the present day. At that time, policy levers favoured woodland creation and the environmental and regulatory framework were less demanding than at present. It could therefore be assumed that this implies a maximum technical potential that is below this limit, which is the rationale behind the 30,000 hectares. This is arguably a conservative approach, given that the MACCs are constructed with an open mind to changes in policy stance. Within this area, the species mix is more difficult to determine. Although the analysis will use sitka spruce, the demand for other public good benefits from forestry will likely mandate a mix of coniferous and broadleaf species. This in turn will influence abatement potentials.
Shorter rotation measure
The analysis again concentrates on conifer forests. For the broadleaf forest, changes in rotation lengths do not have a major impact over the next 50 years, for three major reasons:
• slow growth rates • a well balanced age structure • planting rates have been relatively low until the 90s . As the main impact of the implementation of short rotations is offered by wood products and substitution, low planting rates mean low harvest rates as well and finally few substitution possibilities.
While broadleaf planting has been at low levels in the last 50 years, the same is not the case for the conifers. This implies that a strategy aiming at some significant results by 2020 should focus on the conifers forest because of -the faster growth rates -the high plantation rates in the 60s, 70s.
Shortening rotation length means that existing forests of 49 years old will be harvested in each year the measure is implemented, instead of harvesting 59-year old forests, as would occur in the baseline. The forests will be replanted after each harvest. Although implementing shorter rotations result in net emissions due to the decrease in the biomass, possible benefits in the energy sector and in product substitution mean high direct plus indirect abatement potential for this measure.
Land use and land use change
Land use change can result in both emissions and removals of greenhouse gases, which can be widely dispersed in space and highly variable in time. The factors governing these emissions and removals can be both natural and anthropogenic (direct and indirect) and it can be difficult to clearly distinguish between causal factors. Land-use change is often associated with a change in land cover and an associated change in carbon stocks. For example, if a forest is cleared, the carbon stocks in aboveground biomass are either removed as products, released by combustion, or decay back to the atmosphere through microbial decomposition. Stocks of carbon in soil will also be affected, although this effect will depend on the subsequent treatment of the land.
Cropland soils can lose carbon as a consequence of soil disturbance (e.g., tillage). Tillage increases aeration and soil temperatures, making soil aggregates more susceptible to breakdown and physically protected organic material more available for decomposition. Conversion of cropland back into grassland can result in a build-up in the level of carbon in the soil again, but this usually takes considerably longer than the loss of soil carbon resulting from conversion of grassland into cropland.
Within this category we distinguished potential of residual measures that have already been addressed in agriculture and forestry, specifically peat land restoration, halting liming of organic soils and land use transitions between grassland transitions and other agricultural uses. We do not report any significant stand alone abatement potentials arising from analysis of land uses and land use change as they are defined in this chapter. Measures are discounted on the basis of either small abatement potential and or relatively high cost. Peatland restoration may offer small volume of cost-effective abatement potential but there is scientific uncertainty about the volume.
The Land Use, Land Use Change, and Forestry (LULUCF) sector is estimated to have been a net sink since 1999, amounting in 2006 to some 1.95 Mt CO 2 equivalent (Choudrie et al., 2008) . However, most of this is due to the uptake of CO 2 by forestry -if this is excluded, then land use and land use change emits 13.7 Mt CO 2 e y -1 (calculated from Table 1 -27 in Thomson & van Oijen, 2008) .
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Modelling assumptions
A range of common assumptions define the additional abatement potential across ALULUCF.. In each sub sector, mitigation potential for the budgetary periods needs to be based on a projected level of production activity that constitutes the basis for estimating current (or business as usual) abatement associated with production, and for determining the potential extent of additional abatement above this level. The choice of baselines is therefore crucial and it is important to determine whether the baseline is an accurate reflection of the changing production environment across ALULUCF sectors.
Different baselines are applicable across the sub sectors but since these all apply to a limited amount of UK land area, the assumptions necessarily need to be consistent in order to avoid double counting abatement potential.
Agricultural baselines attempted to account for recent and on-going structural change in UK agricultural production. For this exercise the main source of baseline information is a recent exercise developing a UK Business as Usual projection (BAU3) (ADAS et al., 2007) . BAU3 covers the periods 2004 to 2025, choosing discrete blocks of time to provide a picture of change over this period, and to accommodate the implementation of major policy changes. The BAU3 base year was 2004; a period where the most detailed data could be gathered for the 4 countries of the UK at a spatial level. Projections followed headings for agricultural production contained within the Defra census, covering both livestock and crop categories, to a fairly detailed resolution of activities, e.g. beef heifers in calf, 2 years and over etc. The projections cover the years 2010, 2015, 2020 and 2025. The project concentrated on policy commitments that were in place in 2006, including those for future implementation. As the project was looking to 2025, it also seemed reasonable to include assumptions about some policy reforms that, due to current discussions, would seem likely, although not formally agreed at the time of writing. These mainly include the abolition of set-aside and milk quotas.
Cost assumptions
The cost of the measures was calculated as the negative of the net present value (NPV) of implementing the measure, i.e. by defining the cash flow over the lifetime of the measure (accounting for anticipated future price changes) and discounting them back to 2006 values (2006 was chosen as a base year for all financial calculations). This usually meant estimating the annual recurring costs (and incomes, where applicable) and the capital expenditure in the first year of implementation.
Most of the crops and soil measures and the animal management measures are annual measures, which mean that they do not require the farmer to commit himself in anyway for more than one year. Other measures, mainly in manure management and obviously the forestry measures require longer term commitments.
For the crops and soil measures the SAC Farm Level Model was used to estimate the annual cost of the options. This linear programming model is based on a central matrix of activities and constraints for different farm types, and calculates the change in the gross margin of implementing a measure in the three time periods compared to the baseline farm activities. The annualised cost data were then fed into the cost panel of the MAC spreadsheet.
The cost of implementing each animal management abatement option was estimated using the annual cost of administering the abatement option per treated animal (mainly based on IGER, 2001) and multiplied by the number of animals treated. The costs of the nutrition options (e.g., increasing proportion of maize silage) accounted for the number of days that the abatement option would be administered and change in the cost of the diet compared to previous options. The assumed dairy cattle milk quota system causes the reduction of the national herd if milk yield increases, so the total cost decreases as the number of animals decreases. Regarding beef cattle, efficiency improvement results in more meat to be sold, and this additional income was included in the NPV calculations.
The costs of the manure management options were calculated by estimating the investment required to implement the measure and the associated annual running cost per storage unit. The numbers of storage units was estimated from the proportion of manure volume and from the average storage capacities in each manure management system. The lifetime of the equipments installed is assumed to be 20 years.
The anaerobic digestion options have slightly more complicated NPV calculations. For on farm anaerobic digestion plants the capital cost, the annual operating cost, and the incomes from electricity (including Renewable Obligation Certificate (ROC)) and heat sold were considered. Centralised plants have an additional cost element: the transport cost of the slurry. Again, the lifetime of the plants are set to 20 years.
The afforestation measure has two cost elements: purchase of land and planting, while generates income through the whole lifetime (thinning four times and falling the trees). The NPV of the shortening rotation length measure is calculated by the difference between the baseline and the abatement option arising from the different timing of the same events (planting, thinning four times and felling the trees).
The model will produce a snapshot of potential against the baseline for each year to 2022. Each abatement option is evaluated with respect to the baseline. The difference between the baseline and the volume of emissions abated by the MAC curves gives the new abated emissions projection.
Each column of the MAC curve is calculated as follows: The resulting abatement potentials are clearly influenced by levels of expected adoption of these measures. Accordingly, the analysis considers a range of technical potentials that might set the limits on abatement. A full technical potential determined the absolute upper limit that might result form the highest technically feasible level of adoption or measure implementation in the subsectors. For example, it is technically possible to commit the majority of UK land area to forestry, though this is unlikely to happen. Similarly, most crop/soil or livestock measures are only ever likely to be adopted by some percentage of all producers that could technically adopt the measures. A maximum technical potential therefore sets a limit on the abatement potential, but this limit is not informed by the reality of non-adoption or likely regulatory policy or social constraints. The analysis therefore derived high, central and low feasible potential abatements (Figure 2) , which are the levels thought most likely to emerge in the time scales and policy contexts under consideration.
The effectiveness of measures is influenced by interactions between measures and their environment. We have tried to reduce this uncertainty by explicit consideration of interactions, but we stress that further work is required to derive more targeted abatement potentials e.g. across a variety of farm types and on a regional basis.
There are several ways to present the resulting MACC information for the CCC budget periods 2012, 2017 and 2022. In addition to the differing levels of abatement related to adoption, MACC variants can be created using private or social costs or a hybrid of both. The key distinctions here are the different discounting assumptions and whether or not the analysis reflects private or social costs. (7.0% and 3.5% discount rate was used for calculating private cost and social costs, respectively.) Abatement potentials have also been estimated for the separate UK devolved administrations, i.e. England, Scotland, Wales and Northern Ireland. This information was compiled in spreadsheets that allow transparency and flexibility in altering assumptions in several key data inputs.
MAC curves present a 'snap-shot' for a single year of abatement potential against a baseline. This means that the conventional MAC curve approach would not take account of abatement measures additional to the baseline which had already implemented in MAC curves generated for previous years. The CCC approach of producing annual MAC curves (i.e. a MAC curve for each year) should help to introduce some dynamics.
Results and discussion
We estimate significant abatement potential in crop and soil measures and in livestock management. Estimated total abatement in ALULUCF is clearly influenced by the forestry potential, which is significantly enhanced by the extent to which wood products are assumed to displace carbon intensive construction materials and energy sources. We do not identify any specific significant abatement opportunities in land-use change, but note that scientific uncertainty, and that small opportunities may exist in terms of peat land restoration. But these opportunities may be relatively costly compared to any reasonable cost threshold such as the current UK Shadow Price of Carbon. We also quantify the indirect abatement potential that afforestation and short rotation forestry biomass substitution provides in substituting in energy generation and in other product end uses. This latter potential could be a significant addition to the ALULUCF potential, i.e. as high as 11.90 MtCO 2 e from short rotation biomass substitution into other end uses (2022 CFP). But this potential is not included in the main figures for two reasons. Firstly, it is not clear that these savings will accrue in the UK. Secondly, our analysis is based on the costs of production of this biomass and does not make any assumptions about costs entailed in its use.
An horizon scan of likely 2050 technologies that could conceivably increase this potential significantly. A precise estimate of how far emissions can be reduced is speculative pending further research. However, a cautious assessment is that the high feasible abatement potential identified in the full MAC curves (17 MtCO 2 e) could be achieved by 2050. This would imply emissions from agriculture in 2050 of around 50% below 1990 levels.
A number of caveats need to be stressed on the results as they are currently presented. The first is that the results do not include a quantitative assessment of ancillary benefits and costs, i.e. other positive and negative external impacts likely to arise when implementing some greenhouse gas abatement measures. Reduced water pollution related to more efficient use of nitrogen fertiliser is a classic example. While emissions abatement and water pollution may be positively correlated, the same is not always true for the effect of some abatement measures on biodiversity. Some ancillary impacts will be significant, and they ideally need to be quantified and added to the cost estimates. Work is currently underway to include estimates of these largely non-market impacts. For now we note that these will tend to make crops and soils measures more attractive and livestock measures less so.
A similar caveat applies to the need to extend the consideration of costs to the life cycle impact of some measures. A qualitative assessment of these impacts and we suggest that the analysis does need to be extended to consider selected life cycles assessments (LCA), which could change the MACC ordering. The qualitative analysis suggests that crops and soils measures will have cobenefits in reducing emissions from fertiliser production.
A third point to note is that there is some uncertainty about the extent to which some of the identified measures are counted directly in the current UK national emissions inventory format. As currently compiled, some measures may only reduce emissions indirectly 2 and it is important to try and identify how a measure can qualify as being of direct mitigation potential. Removing indirect measures can have the effect of reducing abatement potential by around two thirds.
For example, the removal of indirect potential from the central feasible potential estimate for 2022 reduced the cumulate abatement from 10.83 MtCO 2 e to 3.3 MtCO 2 e. All of this reduction is in the crop and soil and livestock abatement potentials. Crop and soil abatement potential would reduce from 5.17 MtCO 2 e to only 154.74 ktCO 2 e. Livestock measures reduce from 3.40 MtCO 2 e to 2.17 MtCO 2 e. There is clearly a need to clarify how measures qualify for inclusion in national inventory formats.
This exercise raises a number of other complicating factors that increase the uncertainty inherent in the definition of MACC's, and that distinguish the ALULUCF exercise from that undertaken in other sectors characterised by fewer firms and a common, relatively well-understood set of abatement technologies.
In comparison, agriculture and land use are more atomistic, heterogeneous and regionally diverse. These factors can alter the abatement potentials and the cost-effectiveness outlined here. We have tried to reduce this uncertainty by explicit consideration of interactions between measures, but we stress that further work is required to derive more targeted abatement potentials e.g. across a variety of farm types and on a regional basis. This modelling exercise proved representative MACC for the UK. Ideally this exercise needs to drill down to develop regional and farm specific abatement costs curves 
Management of organic soils
Avoid drainage of wetlands N -high level of uncertainty, also could displace significant amounts of production and emissions Maintaining a shallower water table: peat N -small abatement potential 
Explanation of the measure
Using biological fixation to provide N inputs (clover) 0.5
Using legumes to biologically fix nitrogen reduces the requirement for N fertiliser to a minimum. Reduce N fertiliser 0.5
An across the board reduction in the rate at which fertiliser is applied will reduce the amount of N in the system and the associated N2O emissions. Improving land drainage No tillage, and to a lesser extent, minimum (shallow) tillage reduces release of stored carbon in soils because of decreased rates of oxidation. The lack of disturbance by tillage can also increase the rate of oxidation of methane from the atmosphere. Use composts, strawbased manures in preference to slurry 0.1
Composts provide a more steady release of N than slurries which increase anaerobic conditions and thereby loss of nitrous oxide. 
